Although lung injury including fibrosis is a well-documented side effect of lung irradiation, the mechanisms underlying its pathology are poorly understood. X-rays are known to cause apoptosis in the alveolar epithelial cells of irradiated lungs, which results in fibrosis due to the proliferation and differentiation of fibroblasts and the deposition of collagen. Apoptosis and BH3-only pro-apoptotic proteins have been implicated in the pathogenesis of pulmonary fibrosis. Recently, we have established a clinically analogous experimental model that reflects focal high-dose irradiation of the ipsilateral lung. The goal of this study was to elucidate the mechanism underlying radiation-induced lung injury based on this model. A radiation dose of 90 Gy was focally delivered to the left lung of C57BL/6 mice for 14 days. About 9 days after irradiation, the mice began to show increased levels of the pro-apoptotic protein Noxa in the irradiated lung alongside increased apoptosis and fibrosis. Suppression of Noxa expression by small interfering RNA protected cells from radiation-induced cell death and decreased expression of fibrogenic markers. Furthermore, we showed that reactive oxygen species participate in Noxa-mediated, radiation-induced cell death. Taken together, our results show that Noxa is involved in X-ray-induced lung injury.
Introduction
Stereotactic body radiotherapy (SBRT) is an advanced technology used to deliver an ablative dose in a single fraction or few fractions to deep-seated tumours. It results in dramatically higher rates of local tumour control compared with conventional fractionated radiotherapy (CFRT), especially for smaller tumours located in the periphery of large organs such as the liver and lungs [1, 2] . Thus, SBRT has emerged as a standard treatment for high-risk patients with earlystage non-small cell lung cancer [3] . In our previous studies [4] , we established an experimental model and an image-guided animal irradiation system for the study of ablative dose per fraction irradiation similar to that used with SBRT at volumes analogous to those used in human beings. Ablative irradiation can induce fibrosis in the area of the lung irradiation. Fibrosis is an important cause of lung diseases including asthma, interstitial lung diseases and idiopathic pulmonary fibrosis (IPF) [5] . In these diseases, fibrosis often coexists with lung epithelial cell apoptosis [6] , and blocking of apoptosis has resulted in attenuated fibrotic responses in various experimental systems [7, 8] . However, the mechanisms underlying the fibrotic and apoptotic responses in these lung disorders are not fully understood. In this study, we investigated the molecular mechanism underlying focal irradiation-induced lung fibrosis by taking advantage of this imageguided animal irradiation system.
The respiratory epithelium plays a critical role in lung homoeostasis [9] . Severe injury, delayed repair or extensive loss of the alveolar epithelium stimulates macrophage influx and pro-inflammatory cytokine elaboration. This results in fibrosis caused by the proliferation and differentiation of fibroblasts and the deposition of collagen [9, 10] . Although extensive evidence from several different animal models supports the importance of alveolar epithelium apoptosis in the pathogenesis of pulmonary fibrosis [11, 12] , the molecular mechanisms of apoptosis following X-ray irradiation and their downstream effector molecules are poorly understood.
We used microarrays to identify differentially expressed genes that respond to X-ray irradiation; we found Noxa, which is a pro-apoptotic member of the BH3-only Bcl-2 family of proteins and is up-regulated during p53-mediated apoptosis [13] . Here, we report that Noxa is transcriptionally activated during X-ray irradiation and it mediates X-ray-induced alveolar epithelial cell (AEC) death. In addition, we show that Noxa-mediated cell death was resulted by generation of reactive oxygen species (ROS). Inhibition of endogenous Noxa expression by siRNA suppressed X-ray-induced cell death and reduced the expression of fibrogenic markers induced by X-rays. On the basis of our results, we propose that Noxa is involved in X-rayinduced lung fibrosis.
Materials and methods

Mouse irradiation
Radiation was delivered to a small volume of the left lung using an image-guided small animal irradiation system coupled with X-Rad 320 equipment (Precision, North Branford, CT, USA) [14] . To mimic clinical SBRT conditions by irradiating only a small volume, we selected a 3-mm collimator and a dose of 90 Gy. To observe sequential pathological changes, mice were killed at days 0, 5, 9 and 14 after irradiation. Three mice were allocated to each group and the experiment was repeated twice.
Preparation of lung tissues, immunohistochemistry, and the TUNEL assay
For histological examination, lung tissues were stained sequentially with haematoxylin and eosin, and Masson's trichrome (Sigma-Aldrich, St. Louis, MO, USA) staining was carried out as previously described [15] . Immunohistochemical staining was carried out using anti-Noxa (Abcam, Cambridge, MA, USA) and anti-8-OHdG (Genox, Baltimore, MD, USA) antibodies. A terminal deoxynucleotidyl transferase-mediated deoxyuridine-5-triphosphate-biotin nick end labelling (TUNEL) assay (ApopTag; Millipore, Billerica, MA, USA) was performed according to the manufacturer's instructions.
Cell culture
MLE12 and L132 mouse and human lung epithelial cells were grown in DMEM supplemented with 10% foetal bovine serum at 37°C in a humidified 5% (v/v) CO 2 atmosphere. The cells were seeded at 1.0 9 10 6 cells/60 mm plate. After 24 hrs, the cells were washed with serum-free medium and stored prior to the experiments.
RT-PCR and Western blotting
Total RNA was isolated from the lungs and cells using the TRIzol reagent from Invitrogen (Carlsbad, CA, USA) according to the manufacturer's instructions. Extracted proteins were separated by SDS-PAGE, the membranes were probed with primary antibody, followed by incubation with horseradish peroxidase-coupled secondary antibody. Detection was performed with a chemiluminescence-based detection kit (Bio-Rad, Hercules, CA, USA).
Adenoviral Noxa overexpression system
Pre-made human Noxa adenovirus (Ad-Noxa) was purchased from ABM Inc. (Richmond, BC, Canada). To transiently express Noxa, cells were infected with Ad-Noxa and incubated in serum-free medium for 12 hrs, before changing to a fresh complete medium.
Suppression of Noxa expression by siRNA
For siRNA inhibition studies, the cells were transfected with Noxa or control siRNA (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at a final concentration of 100 nM using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After transfection, the cells were harvested for protein extraction and additional analysis.
Immunocytochemistry
Cells were cultured on coverslips coated with poly-L-lysine, fixed with 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100. The cells were incubated with the anti-Noxa or anti-phospho-H2AX (S139; Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight, and then stained with a secondary. These cells were viewed by confocal microscopy (LSM 700; Zeiss, Jena, Germany). 
Flow cytometry analysis of apoptosis
Luciferase assay
The mouse Noxa promoter sequence was amplified by PCR from mouse kidney genomic DNA using forward and reverse primers containing KpnI and HindIII sites respectively. The Noxa promoter fragment was inframe cloned into the pGL2 luciferase reporter vector. Luciferase activity was measured in samples containing equivalent amounts of protein using a luminometer and luciferase assay reagents (Promega Corp., Madison, WI, USA).
WST-1-based cytotoxicity assay
The cell proliferation reagent WST-1 was purchased from Roche (Roche Hungary Ltd., Budapest, Hungary). After treatment, the WST-1 assays were performed in triplicate according to the manufacturer's instructions. Briefly, cells were supplemented with the WST-1 assay reagent and incubated for 2 hrs. The plates were then read on a microplate spectrophotometer at 450 nm and the per cent cytotoxicity was calculated. 
Statistics
Statistical analysis of the data was conducted using Prism 5 software (GraphPad Software Inc., San Diego, CA, USA). All values are presented as the mean AE S.E.M. Differences between the means of the control and treatment samples were determined by an unpaired t-test using Welch's correction. Results with a P < 0.05 were considered statistically significant.
Results
Effect of radiation on gross morphology and histopathological analysis
To evaluate the effects of radiation on lung surfaces, we observed morphological abnormalities on left lung surfaces compared with the control for irradiation (IR) group at 5, 9, and 14 days after treatment with X-rays at a dose of 90 Gy. After 9 days, the irradiated area exhibited a white ring-like appearance (Fig. 1A) . The number of inflammatory cells and the formation of intra-alveolar hyaline membranes gradually increased in the irradiated region (Fig. 1B) . To evaluate fibrosis, lung sections were stained with Masson's trichrome. The collagen deposition and number of fibrotic foci were increased in IR group (Fig. 1C) .
Effects of X-ray irradiation on Noxa expression
To identify which genes responded to X-ray irradiation, microarray analysis was performed with irradiated mouse lungs (control, X-ray dose of 90 Gy for 14 days) (Table S1 ). Of the genes that were differentially expressed in comparison with the control at 14 days, we focused on Pmaip1, the gene that encodes the Noxa protein. Noxa is a pro-apoptotic member of the BH3-only Bcl-2 family. It is known to be a downstream effector of p53-induced apoptosis through genotoxic stress produced by, for example, DNA damage or X-rays [13] . To confirm the microarray results, RT-PCR and western blotting were performed with X-ray-irradiated mouse lung tissue. As presented in Figure 2A and B, Noxa mRNA and protein levels were significantly increased. To confirm the effect of the X-rays on in vitro Noxa expression in the cell line system, MLE12 mouse lung epithelial cells were treated with X-ray radiation at a dose of 10 Gy for 0, 6, 12, 18 and Mice were killed at the indicated timepoints after irradiation, and the lungs were immersed in fixation solution for several days. Lungs were photographed after complete fixation. Hematoxylin and eosin-stained (B) and Masson's trichrome-stained (C) irradiated lung sections from a minimum of three mice were examined at each time-point. Representative images of the major findings are shown (magnification: 9 400). Quantification of inflammation and fibrosis score is shown in each right panel. **P < 0.01, ***P < 0.001 versus control. 24 hrs, and then RT-PCR and western blotting were performed. The irradiated cells showed a significant increase in the levels of Noxa mRNA and protein following 6 hrs of IR ( Fig. 2C and D) .
Noxa promoter responds to X-ray irradiation
The increase in Noxa expression following exposure to X-rays (Fig. 2) prompted us to determine whether the promoter of Noxa might respond to X-rays. A promoter assay was performed with the luciferase reporter gene of Noxa. We transfected MLE12 cells with pGL2-Noxa for 24 hrs, and the cells were exposed to X-rays at a dose of 10 Gy for an additional 3, 6, 12, 18 and 24 hrs. An increase in the luciferase activities was initially found at 3 hrs (3.5-fold) with a timedependent increase up to 12 hrs (9.4-, 14.2-, 12.1-and 7.5-fold for 6, 12 18, and 24 hrs, respectively), indicating that the Noxa promoter responded to X-rays (Fig. 3) .
Noxa facilitates X-ray-induced apoptosis
Alveolar epithelial cell death has been recognized in the lungs of animals with lung injury and subsequent fibrosis [10, 16] . To investigate the role of Noxa in AEC death after X-ray irradiation, we performed an overexpression and suppression assay in L132 human lung epithelial cells. L132 cells were infected with Ad-Noxa or Ad-cont virus for 18 hrs and then the cells were exposed to X-rays at a dose of 10 Gy for 6, 12, 18 and 24 hrs. Cell death rates were determined using the WST-1 assay. As presented in Figure 4A , the Ad-Noxa-infected cells that had been exposed to X-rays (10-Gy dose) showed significantly increased cell death rates in comparison with the Ad-cont-infected cells that had been exposed to X-rays (10-Gy dose) or the Ad-Noxa infected cells that had not. To investigate the role of Noxa in radiation-induced apoptosis, we performed western blot for PARP cleavage and Annexin V/PI double staining. Annexin V + /PI À and Annexin V + /PI + proportion indicated early and late apoptotic cells respectively. As shown in Figure 4B and C, Noxa overexpression induced more apoptosis in X-ray-irradiated human and mouse (Fig. S1 ) cells, suggesting that Noxa facilitates apoptosis following radiation injury. Next, we examined knockdown of Noxa expression with siRNA (si-Noxa) might decrease cell death after X-ray irradiation. Knockdown of Noxa expression protected the cells from X-ray injury (Fig. 4D) . Taken together, our results indicate Noxa mediated X-ray-induced apoptosis. It has been reported that Noxa localizes to both mitochondria and endoplasmic reticulum (ER) in association with the induction of mitochondrial-and non-mitochondrial-dependent apopotosis [17, 18] . To D) showed that irradiation increased Noxa expression in the mouse lungs and MLE12 cells. cDNA was synthesized from the total RNAs extracted from irradiated mouse lungs (A) and MLE12 cells (C) exposed to X-rays and subjected to RT-PCR analysis. The Noxa expression level of the control was arbitrarily defined as 1. *P < 0.05, **P < 0.01, ***P < 0.001 versus control. Cell lysates (20 lg) extracted from X-ray-irradiated mouse lungs (B) and MLE-12 cells (D) were subjected to western blotting analysis using polyclonal anti-Noxa and b-actin antibodies. confirm the subcellular localization of Noxa, we performed immunofluorescence staining with anti-Noxa antibody following the staining of mitochondria or ER with Mito Tracker or ER-tracker respectively. As shown in Figure 4E , Noxa completely colocalized to the mitochondria with a punctate staining pattern, suggesting that Noxa are involved in mitochondrial-dependent X-ray induced apoptosis. In addition, Noxa partially localized to the ER, suggesting that they are involved in the induction of ER stress. To investigate the role of Noxa in ER stress, L132 cells were infected with Ad-Noxa or transfected with si-Noxa and then treated with X-rays at a dose of 10 Gy for 24 hrs. The cells were then analysed using western blot with anti-caspase 5 antibodies. Ad-Noxa cells induced the cleavage of caspase 5, whereas si-Noxa cells suppressed cleavage of caspase-5 (Fig. S2) , suggesting Noxa-induced apoptosis was associated with ER stress.
Noxa mediates cell death by ROS generation
Reactive oxygen species plays a central role in cell injuries in response to X-rays leading to progressive fibrosis [19] . In addition, it has been reported that Noxa mediates cell death through ROS generation by hypoxic injury [20] . Therefore, we infected L132 cells with Ad-Noxa and the ROS level was determined using 2ʹ,7ʹ-dichlorofluorescein diacetate by flow cytometry analysis. As shown in Figure 5A , the ROS level was increased in Ad-Noxa-infected cells compared with Ad-cont-infected cells. The si-Noxa cells suppressed ROS levels, whereas the si-cont cells failed to reduce ROS levels (Fig. 5B) . To investigate that ROS contributed to Noxa-mediated X-ray-induced cell death, cells were infected with Ad-Noxa with or without antioxidant N-acetylcysteine (NAC). N-acetylcysteine protected the Ad-Noxainfected cells from cell death (Fig. 5C) . Our results showed that ROS is crucial in Noxa-mediated, X-ray-induced cell death. Reactive oxygen species has been known to activate signalling pathways like apoptosis signal regulating kinase 1 and its downstream mitogenactivated protein kinase pathways [21] . To investigate whether Noxamediated ROS might induce the activation of ASK1 and its downstream JNK, L132 cells were infected with Ad-Noxa for 18 hrs, and then treated with or without NAC for an additional 3 hrs. Cells were treated with X-rays at doses of 10 Gy for 24 hrs and then harvested and analysed using western blot with anti-phospho-ASK1 (Thr 845) and phospho-JNK antibodies. As shown in Figure 5D , activation of ASK1 and JNK was increased in Noxa-overexpressed cells, which was inhibited in NAC-treated cells, suggesting Noxa-induced ROS was involved in the activation of ASK1 and its downstream pathway.
X-ray-induced fibrosis is attenuated in Noxa knockdown cells
X-ray irradiation obviously increases the fibrosis in the X-rayirradiated lung tissues (Fig. 1C) . To further assess the effects of Noxa on radiation-induced fibrosis, we measured the expression level of fibrogenic markers in irradiated si-Noxa-or si-cont-infected L132 cells. Cells were irradiated with X-rays for 48 hrs, and RT-PCR was carried out. The expression of E-cadherin and CK8 decreased following IR, while levels of alpha-smooth muscle actin (a-SMA) and collagens I and III increased in the si-cont cells. Importantly, the si-Noxa cells showed a reduction in IR-induced up-regulation of a-SMA and collagens I and III, while up-regulation of E-cadherin and CK8 was observed ( Fig. 6A and B) . These results suggest that suppression of Noxa expression attenuates fibrosis mediated by X-ray irradiation.
Enhanced Noxa expression in the high-dose irradiated lung tissue
We conducted immunohistochemistry to determine whether Noxa protein expression was enhanced in X-ray-irradiated mouse lung tissue. Enhanced Noxa protein expression was detected about 9 days after irradiation (Fig. 7A) . Oxidative stress is a major driving mechanism of lung tissue damage after radiation [19] . Therefore, we evaluated oxidative stress using 8-OHdG and TUNEL assays in irradiated lung slices adjacent to those used for the analysis of Noxa expression. As shown in Figure 7B and C, X-rays caused a significant increase in apoptotic nuclei and oxidative stress in the lung tissue cells in which Noxa expression was increased, suggesting that the degree of Noxa expression is correlated with oxidative stress and apoptosis in X-ray-irradiated lung tissue.
Discussion
Recently, SBRT has been used widely for treating cancer because it delivers higher doses of radiation with improved accuracy compared Fig. 5 Reactive oxygen species (ROS) mediate Noxa-induced cell death. L132 cells were treated with X-rays at doses of 0 or 10 Gy for 6 hrs after infection with Ad-Noxa (A) or transfection with Noxa siRNA (B). Cells were stained with 2ʹ,7ʹ-dichlorofluorescein diacetate and subjected to flow cytometric analysis. L132 cells were infected with Ad-Noxa for 18 hrs, and then treated with or without N-acetylcysteine for an additional 3 hrs. Cells were treated with X-rays at doses of 10 Gy for 24 hrs, and then cell death was investigated using the WST-1-based cytotoxicity assay (C) and analysed by western blot using anti-phospho-ASK1 (Thr845) and phosphor-JNK antibodies (D). with CFRT. However, radiation-induced fibrosis is a major complication at higher radiation doses [22] . This highlights the need for appropriate in vivo models for the study of ablative dose per fraction irradiation similar to those used with SBRT at volumes analogous to those used in human beings. In a previous study, we established an image-guided, highly focused, small animal micro-irradiation system that mimics clinical SBRT [14, 15] . Consistent with our previous results [15] , in this study, we found that high-dose radiation exposure of the left lung caused obvious histological changes and fibrosis such as collagen deposition confined to the left lung. To gain insight into the pathogenesis of fibrosis occurring at sites of X-ray-induced tissue injury, we tested the hypothesis that apoptosis mediated by the BH3-only pro-apoptotic protein Noxa plays an essential role in X-rayinduced fibrosis. Apoptosis and BH3-only pro-apoptotic proteins have been implicated in the pathogenesis of pulmonary fibrosis [23, 24] . Other groups have demonstrated that apoptosis plays an essential role for TGF-b1-induced fibrosis and alveolar remodelling [8] , and pulmonary fibrosis animal model and IPF patients show significant lung epithelial cell injury and apoptosis [25] . However, the mechanisms underlying apoptosis and fibrosis after irradiation are not well defined. In this study, we showed a new molecular mechanism underlying X-ray-induced fibrosis by demonstrating that the pro-apoptotic protein Noxa-apoptosis plays an important role in fibrosis. Fibrogenic environmental toxins can induce apoptotic AEC death indicating that the induction of AEC apoptosis is sufficient for pulmonary fibrosis [10] , and inhibition of AEC apoptosis attenuates fibrosis [7] . Following irradiation, we observed that the apoptosis was increased in AECs expressing Noxa (Figs 4 and 7) . Radiation induces its major biological effects through DNA damage [26] . When DNA damage occurs, H2AX is quickly phosphorylated at serine 139 to generate c-H2AX, which aggregates at DNA damage sites forming nuclear foci. Thus, c-H2AX staining is a relevant analysis to measure DNA damage to provide initial evidence for cell death [27] . To investigate the role of Noxa in X-ray induced DNA damage, we performed c-H2AX immunofluorescence staining. Following X-ray irradiation, c-H2AX level increased more in Ad-Noxa cells compared to Ad-Cont cells, suggesting that Noxa is involved in X-ray-induced DNA damage (Fig. S3) . To further assess the effects of Noxa on radiation-induced fibrosis, we measured the expression levels of collagens I and III in irradiated si-Noxaor si-cont-infected cells. Compared with the si-cont cells, X-ray irradiation decreased the expression of collagens I and III in the si-Noxa cells. Recent studies suggest that epithelial cells undergo epithelialmesenchymal transition [28] . Epithelial-mesenchymal transition is characterized by increased expression of a-SMA (the mesenchymal marker) and decreased expression of E-cadherin and CK8 (the epithelial markers) [29] . As shown in Figure 6 , a decrease in a-SAM and an increase in E-cadherin and CK8 occurred in the si-Noxa cells. Our results showed that radiation-induced apoptosis and fibrosis was attenuated in Noxa knockdown cells, suggesting that Noxa-dependent apoptosis contributes to radiation-induced fibrosis.
Reactive oxygen species play a critical role in animal models of lung injury and fibrosis [30] . Previous studies have shown that Noxa facilitates cell death through a ROS-dependent pathway under hypoxic stress [20] , indicating that ROS play a critical role in Noxa-mediated cell death. Therefore, we have been suggested that Noxa-induced generation of ROS might contribute to apoptosis in the irradiated cells. We found that Noxa-induced cell death following exposure to X-rays is mediated through ROS, because the antioxidant NAC inhibited X-ray-induced cell death in the Noxainfected cells (Fig. 5C ). Although it is not clear what mechanisms are involved in the Noxa-induced cell death pathway following irradiated to X-rays, our findings provide clear evidence that ROS is crucial to the process. In addition, inhibition of Noxa expression prevents the production of fibrogenic markers (Fig. 6) , and the TUNEL assay revealed that Noxa expression is correlated with apoptosis and oxidative stress in irradiated lung tissue (Fig. 7) . These results strongly indicate that Noxa plays a role in radiationinduced fibrosis and that ROS is involved in this process. In summary, the present studies indicate that our image-guided small animal micro-irradiation system that mimics clinical SBRT represents an appropriate model for investigating radiation-induced lung injury. The significant increasing in the levels of Noxa appears to be associated with the radiation-induced lung injury in mice. Inhibition of Noxa expression protected cells from apoptosis, and improved resistance to the radiation-induced increase in ROS and the production of fibrogenic markers. This suggests that following radiotherapy, Noxa expression in patients may serve as an important indicator of the risk of radiation-induced lung damage. Our results suggest a previously unknown link between the apoptosis of AECs through Noxa and the fibrosis response elicited by exposure to radiation. Further research is required into the specific mechanisms involved in radiation-induced, Noxa-mediated fibrosis using mice that are deficient in Noxa. 
